Epitaxial barium hexaferrite [BaFe 12 O 19 (BaM)] thin films were grown on YSZ-buffered Si(001) substrates using a PLD apparatus in which an electromagnet had been installed (dynamic aurora PLD). We examined the effects of applying a magnetic field (up to 2 kG) on the crystal structure and magnetic properties during deposition. The application of the magnetic field during deposition had little effect on the orientation, residual strain, and Curie temperature of BaM thin films. However, the crystallinity and saturation magnetization of the films were lowered. Possible reasons for the lowering of saturation magnetization are discussed.
Introduction
We developed a pulsed laser deposition (PLD) chamber in which a solenoid coil is placed between a target and a substrate (dynamic aurora PLD). 1) , 2) In this PLD chamber, a maximum 2 kG of magnetic field parallel to the direction from the target to the substrate can be applied during thin film deposition. Therefore, the effects of applying a magnetic field on the thin film properties can be examined. For ZnFe 2 O 4 thin films, we found increased magnetization of 56.6 emu/g when a magnetic field of 2 kG was applied during deposition at 600°C while low magnetization of 7.43 emu/g was observed when thin film deposition was conducted without application of a magnetic field.
1) Because typical ZnFe 2 O 4 shows paramagnetic properties at room temperature as a result of negative superexchange interaction at the B site of cubic spinel structure, the fact that the film deposited using dynamic aurora PLD showed ferrimagnetic properties suggests that the random distribution of Zn 2+ and Fe 3+ cations was brought about by application of a magnetic field during deposition. For epitaxially grown NiFe 2 O 4 thin films, results also show that the formation of anti-phase boundaries (APBs) was suppressed by application of a magnetic field that brings about bulk saturation magnetization (Ms) while the NiFe 2 O 4 thin film deposited without application of a magnetic field showed low Ms by the APB formation.
2) This result indicates that random distribution of Ni 2+ and Fe 3+ cations does not occur in the case of NiFe 2 O 4 . The difference of the effect of magnetic field during deposition on the magnetic properties between ZnFe 2 O 4 and NiFe 2 O 4 thin films has been ascribed to the difference in the sitepreference of divalent cations in the octahedral site of cubic spinel structure based on ligand theory.
In addition to the cubic spinel ferrite compounds, many hexagonal ferrite compounds such as M-, W-, X-, Y-, Z-and Utypes are known. All these hexagonal ferrite compounds can be described as the combination of spinel plates and hexagonal layers.
3),4) Barium ferrite (BaFe 12 O 19 ) (BaM) is a typical M-type ferrite, which can be described in terms of four blocks S-R-S*-R*, where the cubic S (spinel) block consists of 2[Fe 3 O 4 ] + and hexagonal R block of [BaFe 6 O 11 ]
2¹
, and * denotes 180°rotation of those blocks around the c-axis.
3) Therefore, BaM contains spinel blocks in the crystal structure. The possibility exists that the magnetic property of BaM can also be modified by application of a magnetic field during deposition. Furthermore, BaM is a technologically important material for several applications such as magnetic recording media and microwave filters.
5)7)
Especially, BaM films with c-axis orientation and epitaxial qualities are widely investigated to enhance the perpendicular magnetic properties. 8)16) This work examined the effects of applying a magnetic field during deposition of epitaxially grown BaM thin films on the crystal structure and magnetic properties.
Experiments
BaM thin films were deposited using PLD with a KrF excimer laser on epitaxially grown Y 0.15 Zr 0.85 O 1.925 (YSZ) buffered Si(001) substrates at 800°C in 10 mTorr of oxygen gas atmosphere. The YSZ buffer layer was 10 nm thick. The distance between a target and substrate was 56 mm. A focused KrF excimer laser ( = 248 nm, repetition rate = 7 Hz) was used for deposition. As targets, sintered BaFeO ceramic disks were used. Because some deviation of the composition between the target and thin film occurs during deposition, especially the deposition in a magnetic field, we analyzed the film composition using inductively coupled plasma spectroscopy (ICP-AES, Optima 2100DV; PerkinElmer Inc.), and adjusted the target composition to achieve stoichiometric composition. The BaM thin films were deposited in magnetic fields of 0 G, 1 kG and 2 kG. In the following, the samples are deposited in magnetic fields of 0 G, 1 kG, and 2 kG. They are designated respectively as the "0 G sample", "1 kG sample" and "2 kG sample". The film thickness was determined using cross sectional images of a field emission scanning electron microscope (FE-SEM, JSM-7001F; JEOL). The crystal structure of the thin film including pole figure measurements and reciprocal space mapping measurements were examined using an X-ray diffractometer equipped with a rotating Cu anode (XRD, ATX-G; Rigaku Corp.). The magnetic property of the thin films was examined using a vibration sample magnetometer (VSM, BHV-35; Riken Denshi Co. Ltd.) at room temperature with a maximum magnetic field of 10 kOe and frequency of 30 Hz. The magnetization was calibrated using a standard sample of Ni foil. In addition to the room temperature MH curve measurements, the temperature dependence of magnetization was conducted at a constant magnetic field of 2.5 kOe from room temperature to 500°C.
Results and discussion
Because the generation of magnetic field in the PLD chamber using a solenoid coil is accompanied with considerable heat generation (around 5.4 kW), we used cooling water of around 6 L/min. However, because the ability of the cooler (CA-3110; EYELA) is limited, the deposition duration in the magnetic field was also limited. In this work, the deposition durations necessary to prepare the 0 G, 1 kG and 2 kG samples were, respectively, 120, 90 and 30 min. Cross-sectional FE-SEM micrographs (photographs not shown) revealed that the thicknesses of the 0 G, 1 kG, and 2 kG samples were, respectively, 90, 285, and 214 nm. Figure 1 presents the change of the deposition rate with the magnetic field during deposition. This figure shows that the deposition rate increases with the magnetic field during deposition. In the PLD process, laser irradiation brings about the generation of fluxes composed of species of several kinds such as cations, anions, electrons, clusters, and neutral particles. The flux composed of charged particles can be regarded as electric currents. Because the direction of magnetic field is parallel to the direction from the target to the substrate, the Lorentz force acts for the tangential component of the current. In this configuration, Kobayashi et al. reported that a vortex flow with centripetal force occurs. 17) Therefore, the flux of the charged particles is collected to the vortex center. For that reason, the deposition rate increases with the magnetic field during deposition.
The XRD patterns of the 0 G, 1 kG, and 2 kG samples are presented in Fig. 2(a) . This figure portrays that the BaM thin films have c-axis orientation. No other peak was detected except for the c-axis-oriented YSZ buffer layer and Si substrate. This figure shows that applying a magnetic field during deposition does not affect the BaM thin film orientation. However, the full width half maximum (FWHM) of omega scanning (rocking curve) increases with the magnetic field during deposition, as depicted in Fig. 3 . The increase of FWHM with the magnetic field during deposition indicates the lowered crystallinity of BaM thin films. This lowering of crystallinity results from the increase of the deposition rate, as presented in Fig. 1. Figures 2(b (111) show that the YSZ layer is grown epitaxially on Si(001) with cube-on-cube relation. The 12 poles of BaM indicate that two orthogonally oriented domains in the in-plane direction are grown epitaxially on YSZ(001) with BaM(0001)//YSZ(001). To ascertain the effect of applying magnetic field during deposition on the in-plane and out-ofplane lattice parameters, reciprocal space mapping around BaM (2014) was measured as portrayed in Fig. 4 . The in-plane and out-of-plane lattice parameters of 0 G sample were a = 0.608 and c = 2.307 nm, respectively. Those for 2 kG sample were a = 0.609 and c = 2.304 nm, respectively. Because the respective in-plane and out-of-plane lattice parameters of bulk BaM are a = 0.5895 and c = 2.3215 nm, results showed that the in-plane lattice parameter of the BaM film is slightly larger than that of bulk, and the out-of-plane lattice parameter of the BaM film is slightly shorter than that of bulk, and vice versa. Therefore, the BaM films are slightly under tensile strain, and the magnitude of the tensile strain is almost unchanged with the magnitude of magnetic field during deposition. Because the thermal expansion coefficient of BaM is greater than that of Si (BaM, 910 © 10 ¹6 K
¹1
; Si, 4.6 © 10 ¹6 K
), the slight tensile strain is expected to result from the difference of the thermal expansion coefficient during the cooling process.
Figures 5(a) and 5(b) show changes of the MH curves of the 0 G, 1 kG and 2 kG samples measured respectively along the out-of-plane and in-plane directions. It is noteworthy that these MH curves were obtained by subtracting that of the YSZ-buffered Si substrate from measured curves. Therefore, the paramagnetic component effect was removed. These figures reveal clear perpendicular magnetic anisotropy. In the following, the magnetization at 10 kOe (out-of-plane direction) was regarded as saturation magnetization (Ms). For the 0 G sample, the Ms was 290 emu/cm 3 , which is less than that of bulk (380 emu/cm 3 ).
9) The reason the Ms of 0 G sample is less than that of bulk remains unclear. For this reason, lower crystallinity should be considered. Figures 5(a) and 5(b) show that the Ms decreases with the magnetic field during deposition. Figure 6 shows the change of Fe/Ba composition with the magnetic field during deposition in addition to the stoichiometric composition of BaM. This figure confirms that the composition of the BaM is constant and that its stoichiometry is within the error of the ICP AES measurements. Figure 7 presents the temperature dependency of magnetization of 0 G, 1 kG, and 2 kG samples measured at constant magnetic field of 2 kOe. This figure shows that the Curie temperatures (Tc) of 0, 1 kG, and 2 kG samples were, respectively, 435, 436, and 431°C. Therefore, the Tc was almost constant, irrespective of the magnetic field during deposition.
As shown in Figs. 5(a) and 5(b), Ms of BaM thin film decreased with the magnetic field during deposition. This tendency is exactly the opposite in the case of ZnFe 2 O 4 1) and NiFe 2 O 4 , 2) although BaM contains spinel blocks in the crystal structure. To explain this result, several possibilities can be considered. In general, deviation of the composition causes lowering of the magnetization. However, as depicted in Fig. 6 , the Fe/Ba composition was stoichiometric irrespective of application of the magnetic field during deposition. Reportedly residual strain (stress) also affects Ms.
18) However, as depicted in Fig. 4 , the change of residual strain in the BaM thin films with application of the magnetic field during deposition was very small. The shift of Tc also changes the Ms at room temperature. As portrayed in Fig. 7 , however, the magnitude of Tc shift was also very small. Journal of the Ceramic Society of Japan 121 [1] 45-48 2013 It is noteworthy that it was better to measure the Tc under a magnetic field that was sufficiently high for saturation. Because maintaining the magnetic field as higher during temperature variation was not allowed from the perspective of the VSM apparatus specifications, we used 2.5 kOe during measurements. Because magnetization does not occur at temperatures higher than Tc, we inferrred that Tc can be determined under 2.5 kOe. Therefore, we consider that these possibilities are not predominant for the change of Ms with application of magnetic field during deposition.
To explain this phenomenon, we consider the following two additional possibilities. One is a stacking fault or perturbation of the layer structure along the c-axis of the BaM structure. As presented in Fig. 1 , the magnetic field during deposition drastically increases the deposition rate. The deposition rate in 2 kG was around 10 times higher than that in 0 G. Actually, as depicted in Fig. 3 , the FWHM of omega scanning increased along with the magnetic field strength during deposition. Although we observed no cross sectional TEM photographs, the larger value of FWHM is expected to derive from the stacking fault of crystal structure perturbation. Another possibility is the change of spin configurations. The crystallographic sites, the number of Fe ions per formula, the spin direction and crystallographic blocks reported for bulk BaM are shown in Table 1 .
19)
Because the magnetic moment of Fe 3+ ion is 5 ® B (® B : Bohr magneton), the theoretical Ms of BaM at 0 K is (+6 ¹ 2 ¹ 2 + 1 + 1) © 5 = 20 ® B per formula. If the direction of spin in 2a or 2b site can be affected by application of magnetic field during deposition, the Ms is (+6 ¹ 2 ¹ 2 ¹ 1 + 1) © 5 = 10 ® B or (+6 ¹ 2 ¹ 2 + 1 ¹ 1) © 5 = 10 ® B . Although this inference is rather risky to make with no evidence, it can explain the decrease of Ms by application of a magnetic field during deposition, as shown in Figs. 5(a) and 5(b). To confirm this mechanism, additional measurements such as neutron diffraction are needed.
Conclusions
During PLD for BaFe 12 O 19 (BaM) thin films, we examined the effect of applying a magnetic field up to 2 kG on the crystal structure and magnetic properties. The BaM thin films were deposited on YSZ-buffered Si(001) substrate and the film was grown epitaxially with two domains. The orientation, residual strain, and Curie temperature of the BaM thin films were unchanged with application of the magnetic field during deposition.
However, the deposition rate was increased drastically and crystallinity and saturation magnetization were lowered. For ZnFe 2 O 4 and NiFe 2 O 4 thin films, applying magnetic field during deposition increased the saturation magnetization. Therefore the tendency for BaM is opposite that of either ZnFe 2 O 4 or NiFe 2 O 4 . The reason for the lowered saturation magnetization remains unclear, but we infer that either or both of the lowering of crystallinity or the change of spin configuration are attributable to the observed phenomenon. 
